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The inner surface of the stomach is lined by a mucous membrane known as the 
gastric mucosa.  The integrity of the gastric mucosa is critical for protecting the stomach 
from the low pH and proteolytic environment within the lumen.  Both clinically and 
experimentally, exposure of gastric mucosal cells to bile salts is known to cause injury.  
Bile salts present in duodenogastric reflux are thought to play a significant role in gastric 
ulcer formation and alkaline gastritis.  In vitro, studies using physiologic concentrations of 
the secondary bile salt, deoxycholic acid, indicate that bile salts can induce apoptosis in 
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cultured human gastric epithelial cells in a caspase-dependent manner.   Therefore, there is 
interest in developing approaches that can protect gastric cells from bile salt-induced 
damage.  It has been shown that induction of the stress protein, heme oxygenase-1, can 
provide protection against apoptosis.  Therefore, the objective of this study was to test the 
hypotheses that heme oxygenase-1 expression could be induced in human gastric epithelial 
cells and that furthermore; this would provide protection from deoxycholic acid-induced 
apoptosis.  Heme oxygenase-1 expression was induced pharmacologically or by 
introduction of a plasmid expressing heme oxygenase-1 into the gastric epithelial cell line, 
AGS.  Induction of heme oxygenase-1 prior to challenge with deoxycholate reduced 
apoptotic-associated morphological changes, DNA fragmentation, the appearance of 
oligonucleosomes in the cytoplasm, and activation of caspase-3 and caspase-9.  Based on 
these results, it was concluded that expression of heme oxygenase-1, or the introduction of 
its products, can provide protection to human gastric epithelial cells against sodium 
deoxycholic acid induced-apoptosis.  
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Introduction 
 
 
 
 
General Purpose 
 
Apoptosis is defined as programmed cell death and though it is necessary for the 
appropriate regulation of morphogenesis and tissue homeostasis, defects of apoptosis are 
responsible for cancerous events, neurodegenerative diseases, cardiovascular diseases and 
autoimmune diseases.  The stress protein, heme oxygenase-1, has been shown to provide 
protection against apoptosis in various models of injury.  Two different approaches for inducing 
heme oxygenase-1 were used to test whether this enzyme can provide protection against 
deoxycholic acid-induced apoptotic events in a human gastric epithelial cell line    
 
Hypothesis 
 
Two different methods of inducing heme oxygenase-1 expression were used to test the 
hypothesis that heme oxygenase-1 has protective properties against deoxycholic acid-induced 
apoptotic events in human gastric epithelial cell line.   
 
Specific Aim #1 
To test the hypothesis that deoxycholate can induce apoptosis in the human gastric 
epithelial cell line, AGS. 
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Specific Aim #2 
To test whether cobalt protoporphyrin and cobalt chloride induce heme oxygenase-1 
(HO-1) expression and activity.   
Specific Aim #3 
To test the ability of cells in which HO-1 has been induced to resist deoxycholate-
induced apoptosis.   
 
Clinical Relevance 
There are significant implications as to the relevance of this study to community health.  
It is known that the gastric mucosa represents the innermost layer of the gastroduodenum and as 
such, interacts with the luminal milieu.  Among its functions, the mucosa protects the stomach 
from autodigestion by substances such as 0.1 mol/L HCl and pepsin (Lane, Takeuchi, & 
Tarnawski, 2008).  The gastroduodenal mucosa consists of three basic layers: epithelium, lamina 
propria, and the muscularis mucosae (Helmer & Mercer, 2006).  Exposure of the gastroduodenal 
mucosa to agents such as ethanol, non-steroidal anti-inflammatory drugs (NSAIDs), and bile 
salts can result in significant damage and injury that can ultimately lead to the manifestation of 
ulcer formation, alkaline gastritis, and gastrointestinal-related cancers (Kelsen, Daly, Kern, 
Levin, & Tepper, 2007).    For instance, it has been demonstrated that a secondary bile salt, 
deoxycholate acid, is known to be an important bile acid in the stomach of patients diagnosed 
with alkaline gastritis.  In similar cases of bile acid effects, NSAIDs has shown damaging effects 
to the gastrointestinal lining of the mucosa and especially of those who depend on NSAIDs like 
aspirin for the management of chronic pain and inflammation.  Conclusively, management of 
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chronic pain and inflammation with the use of NSAIDs, like aspirin, has been used to 
demonstrate ulcer formation, mucosal bleeding, and perforation in the human stomach. 
Overall, the dysregulation in control mechanisms of bile acids have become an increasing 
concern in the human population.  Both clinically and experimentally, bile salts are known to 
induce injurious effects on gastric mucosal cells (Dempsey & Mercer, 1990; Goldner & Boyce, 
1976; Vilchez, Fung, & Kusne, 2002). For purposes of this study, this research focuses on the 
effects of bile acids.  Deoxycholic acid, a secondary bile acid, in concentrations ranging from 
200 and 500 uM, consistently injures gastric cells and can lead to cell death upon prolonged 
exposure (Redlak, Dennis, & Miller, 2003; Redlak, 2006; Redlak, 2008).  In this study, the 
concentrations used are within the range found in the stomach (Redlak et al., 2003).  
Furthermore, deoxycholate approaches concentrations of approximately 370 µM- demonstrated 
in stomach remnants after distal gastric resection irrespective of whether gastrointestinal 
continuity was re-established by gastroduodenostomy or gastrojejunostomy. 
 
Bile Salts 
 The primary bile acids, cholic acid and chenodeoxycholic acid, are derived from 
cholesterol, primarily in the liver (H. Bernstein, Bernstein, Payne, Dvorakova, & Garewal, 
2005).  The structures of cholesterol, cholic acid and henodeoxycholic acid are shown in Fig. 1. 
After their synthesis in hepatocytes, bile acids are excreted as C24 amides conjugated with 
glycine or taurine.  The conjugated bile salts are excreted from the liver into the gall bladder, at a 
concentration of approximately 100 mM, and then released into the intestinal tract when fat 
enters the proximal portion of the intestine.  Within the small intestine, the bile acids are 
critically important for lipid absorption in the ileum (H. Bernstein et al., 2005).   
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 Bile acids entering the colon are metabolized by the anaerobic bacterial flora. The bile 
salts are deconjugated and then subjected to 7-α dehydroxylation to yield deoxycholic and 
lithocholic acids (Fig. 1).  Deoxycholic acid is partly absorbed in the colon and enters the 
enterohepatic circulation, where it is conjugated in the liver and secreted in the bile (H. Bernstein 
et al., 2005). 
 Besides their importance for lipid adsorption, bile acids, especially hydrophobic bile 
acids such as deoxycholic acid, can have cytotoxic properties.  Deoxycholic acid may disrupt cell 
membranes through its detergent action on lipid components and can promote the generation of 
reactive oxygen species that, in turn, oxidatively modify lipids, proteins, and nucleic acids, and 
eventually cause necrosis and apoptosis. 
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Apoptosis  
 Apoptosis or Programmed Cell Death is basically cellular suicide.  This term is often 
used to describe the occurrence of programmed cell death in multicellular organisms.  The 
process of apoptosis involves a series of biochemical events leading to specific cell morphology 
changes and ultimately the death of cells.  Its critical mechanisms allow multicellular organisms 
to maintain tissue integrity and functions to eliminate damaged or unwanted cells without the 
induction of an extensive inflammatory response as is generally associated with cell death by 
necrosis.  In necrosis, cell swelling and cell lysis accompany the loss of cell membrane integrity 
and lysosomal leakage.  Overall, necrosis is primarily passive process. 
 Characteristic morphology of cells undergoing apoptosis, include blebbing, changes to 
the cell membrane such as loss of membrane asymmetry and attachment, cell shrinkage, nuclear 
fragmentation, chromatin condensation, and chromosomal DNA fragmentation.  These changes 
in morphology are directly related to a cascade of molecular events.  A family of proteins known 
as caspases (cystein-aspartic proteases or cysteine-dependent aspartate-directed proteases) is 
typically activated in the early stages of apoptosis.  These proteins cleave key cellular 
components that are required for normal cellular function including structural proteins in the 
cytoskeleton and nuclear proteins such as DNA repair enzymes.  The caspases can also activate 
other degradative enzymes such as DNases, which then cleave nuclear DNA.  This largely 
explains the morphological changes in cell size and in the nucleus that are typically observed 
during apoptosis.   
 Apoptosis can be thought of as consisting of two phases, an initiation and an execution 
phase.  There are two major initiation pathways, extrinsic and intrinsic.  Regardless of which 
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initiation pathway is used, both converge at the execution phase leading to activation of caspase-
3, -6, and -7 (Fig. 2). 
 Extrinsic apoptotic pathways are triggered by external signals involving activated cell-
surface receptors.  Apoptosis triggered by external signals or the death receptor pathway 
typically involves the Fas receptor and the TNF receptor, which are both integral membrane 
proteins with their receptor domains exposed at the surface of the cell (Redlak et al., 2003).  The 
binding of the complementary death activator (FasL and TNF-a respectively) transmits a signal 
to the cytoplasm that leads to activation of Caspase-8.  Binding of the death inducing ligand to its 
receptor can lead to the generation and release of ceramide.  This ceramide release is thought to 
promote lipid raft fusion allowing large scale clustering of the death receptors.  This clustering 
helps amplify apoptotic signaling. 
Following ligand binding a conformational change in the intracellular domains of the 
receptors reveals the presence of a “death domain” which allows the recruitment of various 
apoptotic proteins to the receptor.  This protein complex is often called the DISC, or Death 
Inducing Signaling Complex.  The final step in this process is the recruitment of one of 
recruitment of procaspases-8 or procaspases-2-10 to the DISC (Fig. 3).   
 In contrast, the intrinsic pathway is generally triggered by DNA damage and other types  
of severe cell stress that result in perturbation of an intracellular organelle (e.g., endoplasmic 
reticulum or mitochondria).  In the intrinsic pathway, release of “toxic” mitochondrial proteins 
(i.e. cytochrome c) or inositol 1, 4, 5- triphosphate mediated Ca
 2+
  induce and activate caspase-9 
(Figure 4).  Internal damage to the cell, for example, damage due to reactive oxygen species,  
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causes a pro-apoptotic protein, Bax, to migrate to the surface of the mitochondria where it 
inhibits the protective effect of Bcl-2 and inserts itself into the outer mitochondrial membrane, 
creating holes in it and causing cytochrome c to leak out.  The released cytochrome c binds to the 
protein Apaf-1 (apoptotic protease activating factor-1).  With the energy provided by adenosine 
tri-phosphate, the complexes aggregate to form apoptosomes.  The apoptosomes bind to and 
activate caspase-9.   
 Other mechanisms of apoptosis have been described.  One such pathway of programmed 
cell death that is utilized primarily by neurons is caspase-independent (Figure 5).  Poly (ADP-
ribose) polymerase-1 (PARP-1) is an abundant nuclear protein that is part of the DNA-base-
excision repair system (Hong, Dawson, & Dawson, 2004).  In response to excessive DNA 
damage, PARP-1 can participate in a caspase-independent cell death program.  The mechanism 
used by PARP in this process is not entirely clear.  Upon activation, nicotinamide adenine 
dinucleotide transforms into large branched chain poly (ADP-ribose) polymers that are 
transferred to a variety of nuclear and cytoplasmic proteins.  It has been suggested that caspase-
mediated inactivation of PARP is important for minimizing depletion of NAD+ and ATP stores, 
on which apoptosis depends (Scovassi & Poirier, 1999).  One of the consequences of PARP-1 
activation is the translocation of Apoptosis- Inducing Factor (AIF) from the mitochondria to the 
nucleus.  This results in large-scale DNA fragmentation and cell death (Scovassi & Poirier, 
1999).  This manner of death does not require caspases and does not lead to the formation of 
apoptosis bodies. 
In general, the main effectors of apoptosis encompass proteases from the Caspase family.  
The caspases reside as latent precursors in most nucleated animal cells.  The apoptotic caspases 
constitute a minimal two-step signaling pathway.  The apical (initiator) caspases are activated  
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within oligomeric signaling complexes in response to apoptotic stimuli.  Their mechanism of 
activation probably results from proximity- induced clustering to the dimeric active forms.  Once 
activated, the apical caspases directly activate the executioner (effector) caspases by limited 
proteolytic cleavage.  The distinct activation mechanisms explain how an apoptotic stimulus is 
converted to proteolytic activity, and how this activity is amplified to allow for limited 
proteolysis of the dozens of protein substrates and in which cleavage is required for efficient 
apoptosis.  In general, the enzymatic properties of the caspase family are governed by specificity 
for protein substrates containing Asp, and by the use of a Cys side chain for catalyzing peptide 
bond cleavage.  The use of a Cys side chain as a nucleophile during peptide bond hydrolysis is a 
common biochemical step for many protease families.    
 
Deoxycholate-Induction of Apoptosis 
 The laboratory of T.A. Miller, demonstrated that deoxycholic acid, in concentrations 
ranging from 100 and 500 µM, consistently injures gastric cells and can lead to cell death upon 
prolonged exposure (Redlak et al., 2003).  These concentrations are within the range found in the 
stomach (Kokoska, Smith, & Wolf, 1998).  It has been further observed that prolonged exposure 
of human gastric cells (AGS) to deoxycholic acid leads to cell death primarily via an apoptotic 
mechanism (Redlak et al., 2003).   Exposure of AGS cells to deoxycholate induced DNA 
fragmentation, the appearance of cytoplasmic histone-associated DNA fragments, proteolytic 
activation of several caspases (caspases-2, -3, -6, -8, -9), and cleavage of PARP.    Since caspase-
2 is an initiator caspase associated with the cell stress-intrinsic pathway and caspase-8 an 
initiator of the extrinsic pathway, it is believed that both receptor-mediated and mitochondrial 
pathways are employed in deoxycholate-induced apoptosis (Redlak et al., 2003).  The 
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mechanism (s) by which deoxycholate triggers apoptosis remain unclear.  There is evidence that 
deoxycholate induces mitochondrial oxidative stress (C. Bernstein et al., 2007). Treatment with 
antioxidants at the time of deoxycholate challenge inhibits the induction of apoptosis (Redlak 
personal communication).   
    
Heme Oxygenase 
 Heme oxygenase (HO-1) has been demonstrated to provide cytoprotection in a wide 
variety of pathological conditions.  This enzyme catalyzes the first and rate-limiting step in heme 
degradation producing biliverdin, carbon monoxide, and iron (Fig. 6) (Abraham, 2002).   Heme, 
ferrous protoporphyrin IX, is a prosthetic group of numerous proteins, such as hemoglobin, 
myoglobin, cytochromes, catalase, peroxidase, nitric oxide synthase, guanyl cyclase and 
tryptophan pyrrolase.  Free heme is a prooxidative compound, which induces generation of free 
radicals and lipid peroxidation. It is also a source of free iron that contributes to free radical 
generation in Fenton’s reaction (Fenton, 1894). Moreover, heme molecule has lipophilic 
properties and can disrupt cell membrane, mitochondria, cytoskeleton and the nucleus.  
Under normal conditions, this pro-oxidant effect is tightly regulated by the insertion of 
heme into the heme pockets of hemoproteins, which control the rate of electron exchange 
between Fe-heme and a variety of ligands.  However, under oxidative stress, some hemoproteins 
can release their prosthetic heme groups, producing free heme that can catalyze the production of 
free radicals. 
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Heme Oxygenase-1 
Heme oxygenase-1 (HO-1 or HMOX1) has a molecular mass of 32,000 Daltons and is an 
enzyme classified as the metabolic determinant of heme degradation, which oxidizes heme to 
biliverdin, carbon monoxide and free iron.  In addition to this metabolic function, HMOX1 has 
been defined as a cytoprotective and acute phase gene involved in numerous physiological and 
pathophysiological processes.  HO-1 belongs to a family of 3 heme oxygenases, HO-1, HO-2, 
and HO-3, which all share the same enzymatic properties yet possess distinct functional 
differences.  However, though HO-3 is structurally similar to HO-1, it still remains to be poorly 
understood.  HO-1 is a stress response isoform that can be induced all cells by an ever-increasing 
list of agents, including heavy metals, oxidative stressors, bacterial endotoxins and nitric oxide 
among others (Abraham, 2002; Maines, 1992).  Low levels of heme oxygenase-1 are found in 
most cells and tissues (Galbraith, 1999).  However, high basal expression exists in the spleen and 
liver where there are relatively high heme concentrations due to continuous erythrocyte turnover.  
In addition to the smooth endoplasmic reticulum where heme oxygenase-1 performs its normal 
responsibilities of heme turnover, it has also been reported to localize to the nucleus, plasma 
membrane and mitochondria (Chen et al., 2003; Chen, Tu, Moon, Nagata, & Ronnett, 2003).  
Induction of heme oxygenase-1 can provide potent protection against inflammation and cell 
death via generations of its products carbon monoxide, biliverdin, and iron. 
Heme Oxygenase-2 
 Heme Oxygenase-2 is another isoform of heme oxygenase and has a molecular weight of 
34,000 Daltons.  Although the role of HO-2 in cells is not well understood, it is constitutively 
expressed in the vasculature, brain, and testes and is also believed to regulate vasomotor tone, 
neurotransmission and germ-cell development (Abraham & Kappas, 2008).  HO-1 and HO-2 are 
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products of two distinct genes, but share 40% amino acid sequence homology (Muller, Taguchi, 
& Shibahara, 1987).  HO-1 is the product of only one transcript, but HO-2 is encoded by two 
transcripts.  The differences in transcripts between HO-1 and HO-2 are a result of differences in 
polyadenylation (Mc Coubrey, W. K. Jr. & Maines, 1994). 
 Heme oxygenase exists in six states and has eight transitions between these states and has 
three enzyme functions.  Heme oxygenase enzyme becomes active upon binding of the substrate, 
heme.  The catalytic sites of microsomal heme oxygenase consists of a hydrophobic region that 
can accommodate two rings of a tetrapyrrole nucleus possessing lipophilic substituents on 
adjacent pyrroles, such as the vinyl groups on rings I and II of heme molecules.  This 
hydrophobic region was postulated to be proximate to or to contain amino acid residues that can 
bind the central iron of the heme molecule.  In this form, the substrate heme and the enzyme 
protein form a transitory hemoprotein.  The binding site for heme permits the reactivity of the 
microsomal flavoprotein, NADPH-cytochrome P-450 reductase, with the hemoprotein formed by 
the enzyme-substrate complex, thus allowing utilization of the cofactor, NADPH.  The reducing 
equivalents are required for maintaining or converting ferric iron to ferrous form, and activation 
of molecular oxygen.  Moreover, this binding site is of high significance because it also serves as 
a favorable binding site for heavy metal- protoporphyrins (Chen et al., 2003).  
 
Cobalt Chloride and Cobalt Protoporphyrin 
 Cobalt protoporphyrin and cobalt chloride are compounds that have been demonstrated to 
produce changes in the activities of enzymes that control heme biosynthesis and degradation.  
Although these two compounds share the same heavy metal moiety, their mechanisms of action 
in modulating the expression of HO-1 are distinct.  Several heavy metal protoporphyrins induce 
   
18 
 
the expression of HO-1; however, cobalt protoporphyrin is regarded as probably the most potent.  
Cobalt protoporphyrin indirectly modulates the production of two factors involved in regulating 
the expression of HO-1, Nrf2 and Bach1.  Bach1 is a basic leucine zipper transcription factor and 
is a heme binding protein (Igasrashi et al., 1998; Sun et al., 2002).  Bach1 forms heterodimers 
with small proteins of the Maf family and together, these heterodimers can repress transcription 
of the HO-1 gene by binding to the heme-responsive elements (HeRE) in the 5’UTR of the HO-1 
promoter.  Cobalt protoporphyrin induces an increase in the degradation of Bach1 protein with a 
half-time reduction of 19 hours to 2.8 hours in hepatic tissues. 
 Nrf2 is also a member of the family of basic leucine zipper transcription factors (Alam et 
al., 1999).  Nrf2 is involved in protection against oxidative stress though its antioxidant response 
element (ARE) –directed induction of HO-1.  Cobalt protoporphyrin induces an increase in Nrf2 
levels by decreasing its degradation (half-time increase of 2.5 hours to 9 hours).  Unlike heme, 
cobalt protoporphyrin is neither a pro-oxidant nor is it metabolized by heme oxygenase. 
 Cobalt chloride induces HO-1 by an entirely different manner.  CoCl2 works by 
triggering chemical hypoxia within cells.  In other words, cobalt chloride acts a hypoxia mimic.  
Hypoxia inducible factor (HIF)-1 is a redox-responsive transcription factor that regulates the 
expression of numerous genes, including HO-1, under physiological and pathological conditions 
(Vengellur & La Pres, 2004).  HIF-1 binds to and activates the hypoxia response element within 
the HO-1 promoter (Vengellur & La Pres, 2004).  HIF-1 subunit activity is negatively regulated 
in normoxic cells by hydroxylation of proline residues that signal ubiquitination and degradation 
through the proteasome pathways (Vengellur & La Pres, 2004).  Both prolyl hydroxylase 
inhibition and hypoxia stabilize HIF-1 protein.  The enzymatic activity of prolyl hydroxylases 
depends on iron as the activation metal, 2-oxoglutarate as a co-substrate, and ascorbic acid as a 
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cofactor.  Hydroxylase activity can be impaired by the depletion of any of these factors.  Cobalt 
(II) exposure can greatly deplete intracellular ascorbate and thus inhibit the activity of prolyl 
hydroxylases (Salnikow et al., 2004).  
 
Potential Cytoprotective Mechanisms by HO-1 Products  
 Carbon monoxide (CO) may provide cytoprotection by a number of mechanisms.  
Originally, CO was thought to elicit most of its effects by mimicking nitric oxide (NO).  Like 
NO, CO binds to soluble guanylate cyclase (sGC), but is a relatively weak activator of this 
enzyme (Furchgott & Jothianandan, 1991).   Thus, CO can regulate vascular tone in small and 
medium-sized arteries and aortas (Kozma, Johnson, & Chang, 1999; Sammut, Foresti, & Clark, 
1998).  
 CO is highly diffusible and its actions may not require mediation by cell-surface 
receptors.  It is thought that the cytoprotective effects of CO are primarily mediated via its 
interactions with Fe 
2+
 in the prosthetic heme groups of hemoproteins (Piantadosi, 2008).  One 
such likely target is cytochrome c oxidase, the terminal acceptor of the mitochondrial electron 
transport chain.  Within minutes of exposure, CO induces a small transient generation of 
mitochondrial reactive oxygen species (ROS) (Zuckerbraun, Chin, Bilban, de Costa d' Avila, J., 
& Rao, 2007).  This ROS burst can modulate the activity of p38 mitogen-activated proteins 
kinase.  Pharmacologic inhibition of p38 abrogates the anti-apoptotic effects of HO-1 expression 
in endothelial cells (Silva, Cunha, Gregoire, Seldon, & Soares, 2006).  Further analysis revealed 
that HO-1 induces degradation of the pro-apoptotic, p38α, via the 26S proteosome while sparing 
the anti-apoptotic p38β isoform (Silva, Cunha, Gregoire, & Seldon, 2006). 
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 Release of iron from the heme protoporphyrin IX ring could potentially catalyze reactions 
via the Fenton reaction.  However, iron likely is neutralized by one or more events that are 
induced by iron itself.  These include induction of an iron efflux pump and induction of the 
expression of ferritin, an iron sequestering protein (Baranano et al., 2000).  In addition, by 
binding free iron, ferritin inhibits the c-jun-N-terminal kinase (JNK) activation by iron (Morse, 
Pischke, Zhou, Davis, & Flavell, 2003). 
 Biliverdin is converted to bilirubin by the constitutively expressed biliverdin reductase.  
The biliverdin/bilirubin system is arguably the most potent endogenous anti-oxidant system.  
When applied exogenously, biliverdin and bilirubin have been shown to provide protection in a 
number of injury models (Baranano et al., 2000). 
 
Relationship between Heme Oxygenase and Deoxycholate-Induced Apoptosis   
 It is important to note the significance of the role that heme oxygenase has during the 
event of deoxycholate induction of apoptosis.  Through prior research and in a number of 
biological systems, it has been demonstrated that heme oxygenase has antioxidant properties.  
Deoxycholate, a primary bile acid, induces cells to undergo cellular stress.  This cellular stress is 
often linked to oxidative stress.  Oxidative stress is an external stressor that could potentially 
become internalized and lead to an intracellular signaling path to trigger apoptosis.  Furthermore, 
provided that there is also another pathway, the extrinsic pathway, that can also mediate 
apoptosis, a number of studies have suggested cross-communication between the intrinsic and 
extrinsic pathways.   Conclusively, it may be safe to state that it is quite possible that apoptosis 
can occur through both or either pathways- depending on the cell type.  Still, the question that 
remains involves the relationship between heme oxygenase and apoptosis.  Provided that heme 
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oxygenase is a stress-inducible protein, this study aims to demonstrate the effects of heme 
oxygenase induction in gastric epithelial cells as a way to provide protection from the effects of 
oxidative stress, brought on by deoxycholate-induced apoptosis.  
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MATERIALS AND METHODS 
 
Chemicals and Reagents 
  Deoxycholic acid (DOC; as sodium salt; Sigma Aldrich, (St. Louis, MO), a 10 mM stock 
solution in PBS, was incubated at 37°C for 20-30 minutes in water bath before each use. Cobalt 
(II) chloride hexahydrate (CoCl2) and cobalt protoporphyrin IX (CoPP) were obtained from 
Sigma (St. Louis, MO).  Polyclonal antibodies for caspase-3 caspase-9, and PARP were obtained 
from Cell Signaling (Danvers, MA).  Polyclonal antibodies for HO-1 and HO-2 were obtained 
from EMD Chemicals (Gibbstown, NJ).  Antibodies for β-actin were obtained from Santa Cruz 
Biotechnologies (Santa Cruz, CA).   The plasmid expressing HMOX-1 fused to the green 
fluorescent protein (GFP), RG200463, was obtained from Origene (Rockville, MD) and 
nucleofection studies used Nucleofect reagent V from Lonza Group, LTD (Basel, Switzerland).  
Recombinant biliverdin reductase was obtained from Sigma Aldrich, (St. Louis, MO). 
 
Cell Culture and Drug Treatment 
A human gastric epithelial cell line (AGS) was purchased from the American Type 
Culture Collection (Manassas, VA) and cultured in Ham’s F-12 culture medium (Gibco-BRL) 
supplemented with 10 % heat-inactivated fetal calf serum, 100 µg/ml penicillin, 100 µg /ml 
streptomycin and 0.25 µg/ml amphotericin B.  Cells were kept in 75-cm
2 
culture flasks as a 
confluent monolayer at 37°C in a humidified atmosphere containing 95% air and 5% carbon 
dioxide.  AGS cells received no treatment or were pre-incubated with heme oxygenase inducers, 
cobalt chloride or cobalt protoporphyrin for 16-48 hours prior to challenge with deoxycholate.  
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Protein Extraction for Immunoblotting 
After treatment, adherent cells were removed by scraping and combined with detached 
cells in the medium. Cells were pelleted by centrifugation and washed once with cold phosphate-
buffered saline (PBS).  After collecting by pelleting, whole-cell lysates were extracted with 80 µl 
of RIPA buffer (50 mM Tris-HCl: pH 7.4; 1% NP-40: 0.25% Na-deoxycholate; 150 mM NaCl;  
1 mM EDTA; 1 mM PMSF; 1 µg/ml each aprotinin, leupeptin, pepstatin; 1 mM activated 
Na3VO4; and 1mM  NaF).  Protease inhibitors were added to the RIPA from stocks immediately 
prior to lysing the cells.   Lysates were incubated on ice for 20 minutes, briefly sonicated to 
disrupt aggregates and to shear DNA, and then clarified by centrifugation (16, 000 x g for 20 
minutes at 4°C).    
 
Determination of Protein Concentration 
The protein concentration was determined using the Bio-Rad Assay.  This assay is based 
on the ability of Coomassie Brilliant Blue G-250 dye to bind to basic amino acids.  Binding of 
the dye causes a shift in absorbance from 465nm to 595nm.  A 96-well plate was used to titer 
proteins.  The standard wells consisted of an increasing amount of bovine serum albumin (BSA), 
ranging from 2ug to 24ug.  Total volumes of samples were brought to 160 µl and BioRad protein 
assay reagent (40 uL) was added and mixed.  Wells contained identical amounts of the 
homogenization buffer to correct for artifactual contribution of the homogenization buffer to the 
absorbance.  Absorbances were read at 595 nm using the uQuant spectrophotometer (Biotek 
Instruments, Inc., Winooski, VT).  A standard curve with a correlation of 0.9 or better was 
considered acceptable. 
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Western Blot Analysis 
Equal amounts of cell lysates were solubilized in sample buffer, boiled for 5 minutes, and 
electrophoresed on 4-20% Tris-glycine gels (Invitrogen). Proteins were then transferred to 
polyvinylidine difluoride membrane (BioRad).  Nonspecific binding was blocked with 20 mM 
Tris-HCl buffered saline (pH 7.6) plus 0.05% Tween-20 (TBST) containing 5% nonfat dry milk 
and 0.5% BSA. After incubation with appropriate primary antibody, membranes were washed 
with TBST and then incubated with horseradish-conjugated anti-rabbit or anti-mouse secondary 
antibody. Blots were incubated with CDP-Star (Perkin Elmer), in accordance with the 
manufacturer’s recommendations, exposed to Kodak AR film and developed using a Kodak X-
OMat processor.  
 
Measurement of Cell Viability 
 Cells were seeded approximately 10, 000 cells/ well and were kept in 96 well dish  as a 
confluent monolayer at 37°C in a humidified atmosphere containing 95% air and 5% carbon 
dioxide.  After pre-treatment of either CoCl2 (with increasing concentrations) or CoPP (with 
increasing concentrations) for 48 hrs, cells were challenged with DOC for 1 or 2 hours at 
increasing concentrations. To quantify cell viability, the medium of the cells was replaced with 
fresh medium containing Ham’s F-12 culture medium (Gibco-BRL) supplemented with 10 % 
heat-inactivated fetal calf serum, 100 µg/ml penicillin, 100 µg /ml streptomycin and 0.25 µg/ml 
amphotericin B.  The MTS, in the MTS/formazan assay, reagent contains a novel tetrazolium 
compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
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tetrazolium (MTS). The absorbances at 490nm were read (T=0) and the plates placed back in the 
incubator for 1 hr and then the absorbances read again. In this assay, the yellow tetrazolium salt 
is reduced by NADPH or NADH (produced by dehydrogenases) in viable cells to a soluble blue 
formazan product. The change in absorbance that occurred in 1hr was then determined and 
plotted as a function of concentration.   
 
Determination of Apoptotic Cells 
One of the classic features of apoptosis is the cleavage of
 
the genomic DNA into 
oligonucleosomal fragments represented
 
by multiples of 180-200 bp.  These fragments display a 
specific pattern via agarose gel electrophoresis.  Treated and untreated cells were collected by 
scraping up in medium and pelleting by centrifugation (200 x g for 10 min at 4°C.  Cell pellets (5 
x 10
5
 cells) were washed once with PBS (phosphate buffered saline) then lysed in 40µl Of TES 
(100 mM Tris-Cl. pH 8.0; 2 mM EDTA; 0.8% SDS).  Using cut-off yellow tips from this point 
on, 10µl of RNAse cocktail (RNase A and RNase T1) was added and the mixture incubated at 
37°C for 30 min.  Proteinase K (10 µl of 10mg/ml) was added and the mixture incubated at 45°C 
overnight.  Gel loading buffer was added and mixed and the extremely viscous samples loaded 
into the wells of a 1.2% agarose gel with TAE buffer and 0.5 µg/ml ethidium bromide.  A DNA 
ladder (Bioline I) was run in parallel.  The gel was run at 70V for approximately 4 hr and photo-
documented on a UV light box. 
A complementary approach was to utilize a one step sandwich ELISA (Roche Molecular 
Biochemicals) to detect histone-complexed DNA fragments in cytoplasmic extracts.  Cells 
(5,000/well) were seeded into wells of a 96-well dish.  After treating, cells were pelleted in the 
plate by centrifugation (200 x g for 10 min) and the medium removed and reserved.  Cells were 
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lysed in the wells using a buffer provided by the manufacturer.  Nuclei and cellular debris was 
pelleted by centrifugation.  The cytosolic lysate (20 µl) was transferred to a streptavidin capture 
plate.  Immunoreagent, 80 µl of a mixture of biotinylated anti-histone IgG and anti-DNA IgG 
conjugated to horseradish peroxidase was then added and incubated at room temperature for 2 hr.  
The wells were washed three times with the provided incubation buffer and nucleosome 
complexes bound to the dish detected by adding (ABST) and incubating for 10 min.  The 
reaction was terminated by the addition of Stop solution and the absorbance read at 405nm with 
a reference of 490nm.  Relative enrichment was calculated by dividing the absorbance of the 
treated cells by the absorbance of the untreated cells. 
 
HO-1 Activity Assay 
HO activity was measured by determining the rate of bilirubin production. Harvested 
cells (3 × 106) were washed twice with cold PBS, scraped up in PBS and collected by 
centrifugation.  Cell pellets were suspended in 250 μl cold homogenization buffer (30 mm Tris-
HCl (pH 7.5), 0.25 m sucrose, and 0.15 m NaCl) containing a mixture of protease inhibitors (10 
μg/ml leupeptin, 10 μg/ml trypsin inhibitor, 2 μg/ml aprotinin, and 1 mM phenylmethylsulfonyl 
fluoride), homogenized by three cycles of freeze thawing followed by a brief sonication., and 
centrifuged at 10,000 × g for 15 min at 4 °C.  The supernatant microsomal fraction (100 μl) was 
added to the reaction mixture (100 μl) containing 4 mM glucose-6-phosphate; 250 mU/ml 
glucose-6-phosphate dehydrogenase; 100µM hemin; 2mM β-nicotinamide adenine dinucleotide 
phosphate (NADPH); 2mUnits/ml; 4 mM MgCl2; 297mU/ml biliverdin reductase; in 250mM 
sucrose-20mM Tris pH 7.5.  Mixtures were incubated at 37 °C for 1 h in the dark, and the 
samples were left in an ice bath at least for 2 min to terminate the reaction. Bilirubin formed was 
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quantified by calculating the differences in absorbances measured at 464 and 530 nm (extinction 
coefficient of 40 mm
-1
 cm
-1
 for bilirubin). The peak absorbances of hemin and bilirubin are 385 
and 454 nm respectively.  HO activity is expressed as picomoles of bilirubin formed per mg of 
protein/h. 
 
Transfection Studies 
A plasmid expressing HMOX-1 fused to the green fluorescent protein (GFP) (RG200463, 
Origene, Rockville, MD) was used for transient non-drug-induced expression of HO-1.  Cells 
(1.5 x 10
6
) were trypsinized and re-suspended in Nucleofect reagent containing 2μg of plasmid.  
Nucleofection was performed following the recommendations provided by the Amaxa database 
(Lonza Inc, Germany).  As controls, cells were nucleofected with pmax-GFP or with no plasmid.  
Following Nucleofection, cells were plated onto 100mm dishes and cultured for an additional 48 
hours. Nucleofected cells were then treated with 200 µM DOC for two hours, harvested and 
pelleted. Whole cell lysates were obtained and HO-1 and caspase-3 protein analyzed by 
immunoblotting. 
 
Data Analysis/ Statistics 
 Statistics tests were performed for experiments shown in Figures 8, 10, 15, 20, and 23.  
Standard deviation and standard error means were calculated for experiments indicated in figures 
8 and 15.  Pairwise multiple comparisons, the Holm-Sidak, along with standard error mean 
(SEM) error bars were performed for experiments indicated in Figure 10 and 23.  Lastly, Tukey 
test was performed along with standard deviation (SD) and SEM calculations for the experiment 
indicated in Figure 20.   
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Results 
 
 
Physiological Levels of Deoxycholate Induce Apoptosis in AGS Cells 
 
In the laboratory of Dr. Miller, Dr. Redlak was able to demonstrate that deoxycholate can 
be introduced to AGS cells within physiological ranges (Redlak et al., 2003).  The ranges of 
deoxycholate used on AGS cells include 50 µM to 300 µM.  According to Dr. Redlak, the 
aforementioned concentration ranges confirm that AGS cells undergo cell death via an apoptotic 
pathway.   This experimental study focuses on reproducing the same finding in Dr. Redlak’s lab 
with the use of deoxycholate on AGS cells.  Afterwards, the induction of a protective, anti-
oxidant enzyme was tested as a way to protect against deoxycholate –induced apoptosis.   
 
Effect of Deoxycholate on AGS Cell Morphology and Viability 
 
 Cells were treated with 100, 200 and 300 µM DOC for two and four hours and their 
morphology examined by phase contrast microscopy (Fig. 7).  Normal AGS cells have a typical 
squamous morphology.  A dose- and time – dependent alteration in the morphology of these cells 
was observed in response to deoxycholate.  With increasing concentrations and incubation time 
an increase in the numbers of rounded up and detaching cells was seen.  (Fig. 8).  As seen in 
Figure 7, these morphologic changes correlated with a decline in the apparent viability of these 
cells as reflected by the reduced conversion of a tetrazolium substrate to formazan by 
mitochondrial reductase.   
 
Evidence that Deoxycholate –induced Death Involves Apoptosis 
 
 A characteristic feature of apoptosis is the activation of endogenous endonucleases.  
DNA fragmentation factor, or DFF, is a heterodimeric protein composed of DNA fragmentation 
factors 45 and 40, and it is capable of causing chromosomal DNA fragmentation in the presence  
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of an activated caspase 3(Zhang & Xu, 2000).  Activation of DFF generates internucleosomal 
fragments of approximately 200 base pairs (BP) and multiples thereof.  Because the DNA of 
nucleosomes is tightly complexed with the core histones: H2A, H2B, H3, and H4, it is relatively 
resistant to cleavage by the endonuclease.  DNA isolated from oligonucleosomes can be 
observed using agarose gel electrophoresis.  DNA from oligonucleosomes demonstrates a 
“ladder” patter at `200-BP intervals.  Necrosis, on the other hand, is typically characterized by 
random DNA fragmentation which forms a “smear” on agarose gels.  Advantage was taken of 
the ability of oligonucleosomes to “leak” out of the nuclei of cells undergoing apoptosis.  After 
treatment with 200 µM deoxycholate for two and four hours, cells were gently lysed and nuclei 
pelleted by centrifugation and subsequently discarded.   The remaining cytosol was treated with 
an RNase cocktail and deproteinized by Proteinase K digestion and organic extraction.  The 
remaining material was collected by ethanol precipitation and loaded onto 1.8% agarose gels 
containing ethidium bromide.  This approach avoids some of the DNA viscosity problems 
associated with isolating total DNA.  Lanes loaded with material from untreated cells 
demonstrated an extremely low diffuse background staining with ethidium bromide (Figure 9).  
In contrast, lanes with material from cells treated with deoxycholate for two hours contained 
much more DNA with a ladder pattern also present.  This ladder pattern was much more 
prominent in cells treated with for four hours. 
 An alternative immune-base approach was also used to demonstrate the presence of 
oligonucleosomes in the cytoplasm of deoxycholate-treated cells.  This assay uses a biotinylated 
anti-antibody to capture histones.  A second, anti-DNA antibody conjugated to peroxidase is then 
used to detect histones associated with DNA (nucleosomes).  Cytosols generated from cells 
treated for two hours with 200 µM deoxycholate were used in this ELISA assay.  Compared to  
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untreated cells, there was at least a twenty-fold  enrichment in nucleosomal material in treated 
cells (Fig. 10).  In necrotic cells, nucleosomes are released into the extracellular environment.  
There was a several-fold increase of nucleosomal material in the medium of treated cells, 
indicating that necrosis may also participate in deoxycholate-mediated cell death.  However, the 
level of nucleosomal material found in the cytosolic fraction was several fold (5~fold) greater 
than that found in the medium.  This further indicates that under these conditions, apoptosis is 
likely the major cell death pathway. 
 Classical apoptosis involves activation of one of more caspases, and as mentioned above, 
activation of DFF is typically contingent on the presence of active caspase-3.  Accordingly, 
immunoblot analyses were performed to determine whether caspase-3 or caspase-9 were 
activated in AGS cells challenged with deoxycholate.  Caspases exist as inactive zymogens and 
are activated by proteolytic cleavage.  In the case of caspase-3, cleavage of the 35 kDa zymogen 
generates a 17/19 kDa fragment and a 12 kDa fragment.  Proteolytic activation of caspase-9 
converts the ~47 kDa zymogen into fragments of 37-, 35-, and 17-kDa. 
 Cells were treated with 100, 200, and 300 µM deoxycholate for one, two and four hours.  
Total cell lysates were then probed for caspase-3 and caspase-9 by immunoblotting.  In these 
experiments, 200 µM or higher concentrations of deoxycholate induced the conversion of both 
zymogen caspases into the expected fragments.  In these experiments, the antibodies directed 
against caspase-3 and -9, were more reactive to the cleaved fragments than to the intact 
zymogens. 
One way of assessing whether caspases and in particular, caspase-3, were actually being 
activated, was to determine whether PARP was being cleaved.  Caspase-3 and caspase-7 cleave 
PARP converting it from a 116 kDa protein into 89- and 24- kDa fragments.  In cells treated with  
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200 µM deoxycholate, there was a total conversion of the full-length protein into fragments (Fig. 
11).   Based on these cumulative experiments, it was concluded that deoxycholate induced death 
of AGS cells primarily by an apoptotic-based method.  This model was subsequently used in the 
following experiments aimed at determining whether heme oxygenase-1 could inhibit 
deoxycholate-mediated cell death. 
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Induction of Heme Oxygenase-1 in AGS Cells 
 
 
 
Effects of Deoxycholate of CoPP and CoCl2 on Cell Morphology 
 
 A number of studies have provided strong evidence that expression of heme oxygenase 
(HO-1) or that providing one of its products can inhibit apoptosis.  Accordingly, an objective of 
this study was to test whether pharmacologic inducers of HO-1 expression might also inhibit 
deoxycholate-induced apoptosis in AGS cells. 
  
 Based on the literature, a pilot experiment tested the effects of 80 µM cobalt chloride and 
10 µM cobalt chloride on cells.  With an overnight incubation, there was no discernible effect on 
the morphology of AGS cells (Fig. 14).  To further characterize these compounds, their relative 
cytotoxicity was examined by incubating cells with increasing concentrations, this time, for 48 
hours, and then assessing viability using the MTS/formazan assay.  The results from this 
experiment are presented in Figure 15.  Concentrations at or below 100 µM cobalt 
protoporphyrin were not lethal to AGS cells.  In contrast, cobalt chloride appeared to exert some 
toxic effects even at 80 µM. 
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The relative ability of these two compounds to induce the expression of HO-1 was examined 
next.  A dose-response experiment indicated that concentrations of cobalt protoporphyrin as high 
as 30 µM induced maximal expression of HO-1 protein (Fig. 16).  In the case of cobalt chloride, 
maximal expression occurred at 240 µM with an apparent decline at 800 µM.  The time course of 
the response of HO-1 protein differed between these two compounds.  Maximum expression 
induced by CoCl2 occurred at 24 hr and subsequently declined, whereas, maximum expression 
induced by cobalt protoporphyrin did not occur until 48 hr (Figure 17). 
 An attempt was made to determine whether HO-1 activity correlated with induced protein 
levels.  The assay used was based on colorimetric detection of bilirubin in a standard assay that 
coupled HO-1 with biliverdin reductase.  Crude microsomes were isolated and incubated with 
hemin (substrate), NADPH, glucose-6-phosphate; mU/ml glucose-6-phosphate dehydrogenase 
(regenerate NADPH); and biliverdin reductase.  Control reactions containing an efficient 
inhibitor of HO-1, stannous protoporphyrin, were included.  This experiment was attempted 
several times with no consistent result obtained.  An example of the results from one such 
reaction is shown in Figure 18.  Some troubleshooting was attempted; the ability of biliverdin 
reductase to convert biliverdin to bilirubin was unimpaired.  Like HO-1, biliverdin reductase 
requires NADPH as an energy source.  Therefore, it did not seem likely that the ability to 
regenerate NADPH was an issue.  The amount of crude microsomes, whether too much or too 
little, was not examined.   
 
Protection of AGS Cells from Deoxycholate- Induced Apoptosis 
 
A number of reports have suggested that HO-1 can confer protective effects against 
apoptosis via the up-regulation of HO-1 (Galbraith, 1999; Maines, 1992).   Using the information 
obtained from the time cycle and dose response experiments, a series of experiments were  
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performed to test the hypothesis that HO-1 could inhibit deoxycholate-induced apoptosis in AGS 
cells. 
In reference to morphology, 200µM deoxycholate induced readily observe changes in 
cell morphology within one hour.  Many cells had become rounded in appearance and many had 
become detached (Fig. 19).  By two hours, this appearance had progressed even further.  There 
was little difference in cells pretreated with CoCl2 and then exposed to deoxycholate and the 
cells exposed to deoxcycholate without pretreatment.  It became increasingly clear that at the 
concentrations and time points used, CoCl2 was itself cytotoxic and might be inducing apoptosis.  
Specifically, the cells rounded up and became detached, much as they did when treated with 
deoxycholate.  In contrast, cells pretreated with CoPP were only slightly altered in their 
morphology, indicating that their cytoskeletal structure was largely unaffected by the exposure to 
deoxycholate. 
Cell viability, as reflected by the MTS/formazan assay, was examined in cells pretreated 
with CoPP and then challenged with different concentrations of deoxycholate for one or two 
hours.  The differences in viability in cells pretreated with CoPP or not pretreated can be seen in 
Figure 20.  In non-pretreated cells, it was observed that concentrations of deoxycholate greater 
than 200 µM caused a significant decrease in viability compared to cells pretreated with CoPP.  
An assay, comparing the combined effect of deoxycholate and CoCl2 was not attempted due to 
previous results of CoCl2 –treated cells alone.  
As discussed earlier, deoxycholate induces DNA fragmentation leading to the appearance 
of small DNAs and oligonucleosomes in the cytoplasm.  The effects of CoCl2 or CoPP 
pretreatment on DNA fragmentation were examined.  Total DNA was isolated from cells 
pretreated with CoCl2 or CoPP and then challenged with 200 µM deoxycholate.  As expected,  
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discrete DNA fragments were observed in extracts made from cells treated only with 
deoxycholate (Figure 21).  Discrete DNA fragments were also observed in cells pretreated with 
CoCl2 and subsequently challenged with deoxycholate.  DNA fragments were not observed with 
cells pretreated with CoCl2 or CoPP without deoxycholate challenge.  They were also not 
observed in lanes representing DNA from cells pretreated with CoPP and subsequently 
challenged with deoxycholate.   
This experiment was repeated using DNA extracted primarily from the cytoplasm.  This 
was an attempt to reduce the background that is contributed by the high molecular DNA found in 
the cytoplasm.  In this experiment, only CoPP was tested.  As can be seen in Figure 22, the 
nucleosomal pattern was much easier to discern and was very prominent in extracts from cells 
challenged with 200 µM deoxycholate for four hours.  There is only a slight indication of a 
nucleosomal pattern in cells pretreated with CoPP prior to challenging with deoxycholate. 
The ELISA assay was used to further support that CoPP pretreatment reduced the level of 
deoxycholate-induced oligonucleosomes in the cytoplasm.  After two hours challenge with 200 
µM deoxycholate, there was a greater than 25-fold enrichment of cytoplasmic oligonucleosomes 
compared to untreated cells (Figure 23).  Pretreatment with 10 µM CoPP reduced this increase to 
only two-fold higher than untreated.  This difference was not statistically significant.    
During the course of this study, it became increasingly clear that CoCl2 (at least at the 
concentrations and time points used) was not providing significant protection from 
deoxycholate-induced apoptosis.    CoCl2 at a concentration of 240 µM induced cleavage of 
caspase-3 and caspase-9 in the absence of deoxycholate (Not shown).  In the presence of 100 µM 
deoxycholate, essentially all of caspase-3 and -9 were found to be converted to fragments at two  
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hours.  With 200 µM deoxycholate, most of the caspases appeared to be converted or cleaved 
within one hour.   
Additionally, the protection model revealed that CoCl2 did not provide protection against 
cell injury and ultimate apoptosis.  In contrast, CoPP did confer, albeit not complete, protection 
against cleavage of caspase.  In figure 24, immunoblot analysis indicated decreased expression 
of cleaved caspase 3 fragments, 17 kDa and 19 kDa.  There was also a decrease in the level of 
cleaved caspase 9 fragments, 35 kDa and 37 kDa.  In figure 25, the immunoblot analysis showed 
that both CoCl2 and CoPP could to some degree, inhibit PARP cleavage.   
     In this study, CoPP, an inducer of HO-1, has been shown to significantly inhibit 
deoxycholate-induced changes in AGS morphology, viability, DNA fragmentation, and caspase 
activation.  Taken together, these experiments indicated that CoPP, an inducer of HO-1, can 
protect AGS cells from deoxycholate- induced apoptosis.  To provide evidence that HO-1 is 
involved in this protection, a non-pharmacological approach was used.  A plasmid containing the 
protein coding sequences of HO-1 was used.  Expression of the recombinant HO-1 was driven by 
the immediate-early cytomegalovirus promoter.  Plasmid DNA was introduced into AGS cells by 
nucleofection.  Using this method, approximately 50% of the cells have been demonstrated to 
take up and express recombinant expression plasmids.  Parallel cells were mock nucleofected or 
nucleofected with an irrelevant plasmid (pGFPmax).  Cells were challenged with 100 µM 
deoxycholate for one, two, and four hours and protein lysates analyzed for cleavage of caspase-3 
by immunoblotting (Figure 26).   
Caspase-3 fragments were detectable as early as one hour in lysates of cells mock 
nucleofected or nucleofected with the control DNA.  In contrast, the appearance of caspase-3 
fragments in lysates from cells nucleofected with the HO-1 expressing plasmid was not  
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detectable until four hours of the challenge.  These results provide direct evidence indicating that 
expression of HO-1 can provide protection to AGS cells from deoxycholate-induced apoptosis.  
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Discussion  
 
Introduction 
When the gastric mucosa is exposed to agents such as ethanol, non-steroidal anti-
inflammatory drugs (NSAIDs), or bile salts, significant damage to the underlying cells and 
tissues occurs. The injury that results can often lead to ulcer formation, alkaline gastritis and 
gastrointestinal –related cancers (Kelsen et al., 2007).   This study focused on demonstrating 
protection of a gastric epithelial line from deoxycholate-induced apoptosis.  Deoxycholate is a 
secondary bile acid.  In the large intestine, bacterial flora uses an enzyme, 7-α dehyroxylase to 
convert cholic acid, a bile acid, into deoxycholate (Goldner & Boyce, 1976).  Deoxycholate is 
reabsorbed in the colon and enters enterohepatic circulation via the hepatic portal vein.  
Subsequently, deoxycholate is conjugated in the liver with either glycine or taurine and secreted 
in bile (H. Bernstein et al., 2005).  As a result of reflux of duodenal contents, cells that line either 
the esophagus or stomach become exposed to bile acids and this event puts them at risk for cell 
injury.  This study used an in vitro model to demonstrate protection from deoxycholate- induced 
apoptosis.  Chemical and genetic approaches were used to test whether HO-1 could provide 
protection from deoxycholate-induced apoptosis.   
 
Cobalt Protoporphyrin 
In this study, a variety of approaches were used to demonstrate that CoPP pretreatment 
provided protection from deoxycholate-induced apoptosis.   AGS cells pretreated with CoPP 
retained their normal morphology out to at least four hours following challenge with 
deoxycholate (Figure 7).   CoPP pre-treated cells were more resistant to deoxycholate-induced 
cell death.  CoPP pre-treatment of cells also provided protection from deoxycholate-induced 
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DNA fragmentation.  Moreover, CoPP pretreated cells inhibited the production of mono- and 
oligonucleosomes produced in the cytoplasm. Lastly, there was protection from deoxycholate-
induced cleavage of pro-apoptotic markers of apoptosis, caspase-3 and caspase-9.  Furthermore, 
PARP was examined as a direct reflection of caspase activity.  PARP is cleaved by many 
caspases, but is a prime target of caspase 3.  CoPP pretreatment resulted in a decrease in the level 
of PARP cleavage.   This observation indicates that CoPP pretreatment inhibits the function of 
caspases.   
CoPP is a very well known inducer of HO-1 expression.  HO-1 has been shown in a 
variety of models, to protect against apoptosis.  In this study, CoPP was shown to induce HO-1 
expression (at the protein level) in a time and dose- dependent manner.  There was a gradual 
induction of HO-1 that did not reach a maximal level until after 48 hours.  Cytotoxic effects were 
not encountered until concentrations reached greater than 100 µM.  To obtain direct evidence 
that protection from deoxycholate-induced apoptosis was due to HO-1, a plasmid expressing 
human HO-1 protein was introduced into AGS cells.  Cells containing this plasmid were more 
resistant to deoxycholate-induced apoptosis in comparison to cells that did not contain the HO-1 
plasmid.     
 
 
Cobalt Chloride 
In contrast to what was observed with CoPP, protection using CoCl2was inconsistent. The 
profile of the time course and dose response experiments demonstrated induction of heme 
oxygenase -1 at 24 hours and at 240 µM CoCl2.   The MTS/formazan assay revealed an increase 
in toxicity with an increase in concentration of CoCl2.  More specifically, there was a trend 
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showing increased toxicity at all concentrations of CoCl2.  This observation is likely due the 
induction of chemical hypoxia by CoCl2.  Chemical hypoxia, according to Zeno et al, generates 
reactive oxygen species (ROS), mitochondrial permeability transition and ATP depletion.  The 
result of chemical hypoxia likely puts the cells at a disadvantage in recovering from 
deoxycholate-induced apoptosis.    One of the responses of CoCl2 is the stabilization of HIf1-α 
protein.  HIF1- α is a transcriptional factor that mediates adaptive intracellular mechanisms.  
When CoCl2 induces chemical hypoxia and stabilizes HIF1 –α, HIF1-α induces the production of 
HO-1 protein via activation of HO-1 promoter.  However, the concentration of CoCl2 used in this 
study may have generated enough harmful side effects (e.g., ROS, energy depletion) to negate 
any beneficial effects of turning on HO-1expression.  Moreover, a research study conducted, by 
Zeno et al, suggests that CoCl2 induces apoptosis (Zeno, Zaaroor, Leschiner, Veenman, & 
Gavish, 2009) .    
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Future Considerations 
 
This study indicates that CoPP and CoCl2 modulate HO-1 expression in the AGS cell 
line. Furthermore, this study provided evidence for HO-1 protection against deoxycholic acid-
induced apoptosis in AGS cells.  The products of HO-1 activity on free heme (CO, BV, and Iron) 
are hypothesized to have potentially therapeutic effects on cell injury, specifically against 
apoptosis in gastric mucosa cells (Kirkby & Adin, 2006).  Further studies would be worthwhile 
to pursue in the future in order to gain further insight about the effects of pre-incubation with 
heavy metal protoporphyrins and the induction of heme oxygenase.  For example, it would be 
beneficial to focus on the direct effects of CO, biliverdin and iron and the mechanisms as to 
providing protection against deoxycholate-induced apoptosis.  Furthermore, it has been 
demonstrated that the protective effects of carbon monoxide often overlaps with that of nitric 
oxide.  Such protective effects include vasodialative effects of local arteries and anti-
inflammatory effects.  There is also the additional advantage of carbon monoxide’s solubility in 
hydrophobic environments.  This means that carbon monoxide can easily pass through the 
phospholipid bilayer to trigger the necessary intracellular messengers involved in aiding against 
apoptotic signals.  Additionally, biliverdin has also shown to have protective effects in a number 
of systems via its conversion to bilirubin with aid of biliverdin reductase.  For example, both 
biliverdin and bilirubin have been shown to alleviate oxidative stress and lipid peroxidation.  
Similarly, the regulation of iron via the protein Ferritin, a sequestering protein, could prove to 
also have antioxidant properties since one of its functions includes serving as a buffer for the 
reactive free radicals that can be produced from free iron in the blood stream.  For further 
studies, once the desired HO-1 product is isolated, it would be of further interest to study the 
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mechanisms by which the HO-1 product inhibits deoxycholate-mediated apoptosis.  The 
mechanisms may include, but not limited to, signal transduction, synaptic transmission of certain 
neurotransmitters, or even ion membrane channeling. In an effort to figure out the mechanism for 
the HO-1 product, it would be worthwhile to utilize experimental techniques, such as, large-scale 
yeast two-hybrid screening methods, Co-IP techniques, microarray experiments, genetic epistasis 
analysis, immunoprecipitation and affinity purification techniques.  Intuitively, all of these 
previously mentioned experiments would provide clarity on evidence of protein-to-protein 
interaction, phosphorylation and activation of proteins, and the order in which signals are 
produced.  Hopefully, with future studies, the mechanism as to how HO-1 and its products 
provide protection against deoxycholate-mediated apoptosis will become increasingly 
understood and defined.  
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